Normal aging is typically associated with reduced ability to reconstruct the spatiotemporal context of past events, a core component of episodic memory. However, little is known about our ability to remember the order of events comprising extended real-world experiences and how this ability changes with age. We leveraged the richness and structure of a museum exhibit to address this question. Three months after visiting the exhibit, 141 adults aged 18 -84 completed a test of spatiotemporal order memory and old/new recognition using pictures from the exhibit and similar lures, from which measures of associative and item memory were derived. Order discrimination accuracy was modulated by interitem order and distance in younger and older adults, extending findings from recognition of laboratory stimuli at short delays to remote real-world experiences. In contrast to established findings from laboratory-based assessments, we observed a significant effect of aging on item memory driven by increased lure susceptibility, but no age-related reduction in spatiotemporal associative memory. These findings present novel insights into different components of memory for real-world experiences at naturalistic timescales and across the lifespan.
ment, curiosity, and goal-directedness modulate hippocampalneocortical interactions that support episodic memory encoding, and increase subsequent retrieval performance relative to passive encoding baselines (Cornwell, Johnson, Holroyd, Carver, & Grillon, 2008; Gruber, Gelman, & Ranganath, 2014; Kaplan et al., 2012; Voss, Gonsalves, Federmeier, Tranel, & Cohen, 2011) . These and other related processes are often studied in isolation in the laboratory but are jointly constitutive of everyday experiences. Furthermore, direct experience in real-world space produces qualitatively different spatial memory representations than desktop paradigms (virtual reality and video; Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 2006) . Consequently, it is not surprising that autobiographical and laboratory memory tasks sometimes show little overlap in terms of brain activity patterns (Chen, Gilmore, Nelson, & McDermott, 2017) , with greater activity in regions related to spatial reconstruction during retrieval of autobiographical episodes than even perceptually rich videos (StLaurent, Moscovitch, & McAndrews, 2016) , and hippocampal recordings in rodents and primates reveal different firing patterns during real-world versus virtual exploration (Aghajan et al., 2015; Thome et al., 2017) . Thus, certain mechanisms supporting spatiotemporal context encoding and retrieval may be systematically missed by conventional laboratory encoding paradigms.
To bridge the gap between laboratory and naturalistic methods for investigating spatiotemporal information in episodic memory, researchers have recently used verifiable real-world encoding paradigms (Griffiths, Mazaheri, Debener, & Hanslmayr, 2016 ; Jeunehomme, Folville, Stawarczyk, Van der Linden, & D'Argembeau, 2017; Nielson, Smith, Sreekumar, Dennis, & Sederberg, 2015; St. Jacques, Rubin, LaBar, & Cabeza, 2008) , although aging effects in such methods remain largely unexplored. In the present study, we used an exhibit at the Ontario Science Centre ("Brain: The Inside Story") as a rich, dynamic, large-scale, and yet controlled one-shot episode for investigating spatiotemporal context memory in a sample of healthy adults ranging in age from 18 -84. As a unique and precisely dated event, we were able to probe memory at 2-4 months after encoding, a critical period for memory consolidation (when extrapolated from animal research; Bontempi, LaurentDemir, Destrade, & Jaffard, 1999; Winocur, Moscovitch, Caruana, & Binns, 2005; see Sheldon & Levine, 2013) that is rarely tested in most laboratory methods (where memory is usually assessed at seconds-or minutes-long delays) or in autobiographical memory paradigms, where highly personally significant events are often probed years or decades after their occurrence.
As an ancillary goal, we also investigated whether order memory accuracy was sensitive to the spatiotemporal distance between items encountered in the exhibit, as has been previously shown at both laboratory (stimuli separated by seconds) and autobiographical (events separated by days-to-years) timescales (e.g., Curran & Friedman, 2003; Skowronski, Walker, & Betz, 2003; St. Jacques et al., 2008; Underwood, 1977) , and whether distance sensitivity changed with age (Fabiani & Friedman, 1997; Perlmutter, Metzger, Nezworski, & Miller, 1981; Roberts, Ly, Murray, & Yassa, 2014; Tolentino, Pirogovsky, Luu, Toner, & Gilbert, 2012 ). An effect of inter item distance on ordinal discrimination at our months-long delay would provide novel evidence regarding the durability of memory for spatiotemporal relations within single events.
Using photographs from the exhibit along with lures from a separate but similar exhibit, we devised a novel online test of old/new recognition and spatiotemporal order memory, allowing us to test predictions concerning age-related deficits in associative (context) versus item (content) memory. According to the associative deficit hypothesis (Naveh-Benjamin, 2000) and related theories (Hashtroudi, Johnson, & Chrosniak, 1989; Spencer & Raz, 1995) , age-related changes in spatiotemporal associative memory arise from older adults' impairment in binding together and subsequently retrieving associations among items (Allen et al., 2015; Old & Naveh-Benjamin, 2008) , with spared acontextual recognition memory for the items themselves. Memory for ordinal associations is unique in that the to-be-bound items are not experienced simultaneously, so the associative link must bridge a temporal (and, in our case, spatial) gap. In a meta-analysis of aging studies on associative versus item memory, Old and Naveh-Benjamin (2008) found stronger age-related declines in temporal associative memory than other forms of associative binding. The general finding of age-impaired temporal associative memory (and associative memory in general) and spared item memory has received a great deal of empirical support from studies that probed memory for discrete laboratory stimuli (i.e., experimenter-generated lists of words or images).
Certain laboratory encoding manipulations can attenuate agerelated associative memory declines, including promotion of deep encoding or contextual binding (Perfect & Dasgupta, 1997; Skinner & Fernandes, 2009 ), self-referential encoding (Dulas, Newsome, & Duarte, 2011) , distinctive encoding environments (Sharps & Gollin, 1987; Uttl & Graf, 1993) , and active participation in event encoding (Cheke, 2016; Hashtroudi, Parker, Luis, & Reisen, 1989) . In passive laboratory tasks, older adults may fail to spontaneously engage in adaptive encoding processes that younger adults engage automatically (e.g., Craik, 1986) . It is unclear to what degree findings of age effects on temporal associative memory generalize to memory for naturalistic experiences, in which stimuli are meaningfully (rather than arbitrarily) linked, spatiotemporal context is continuous and actively generated rather than discrete and passively perceived, sequence structure is implicit rather than strategically salient (Hintzman, 2016) , and the pool of contextual information that defines each episode is comparatively rich. We reasoned that the ecologically valid conditions of our paradigm would implicitly engage active encoding processes that would attenuate the age-related decline often observed in laboratory studies. The nature of the encoding experience also allowed us to explore age effects on spatiotemporal episodic memory across naturalistic timescales.
Method
The "Brain: The Inside Story" Exhibit The "Brain: The Inside Story" is a traveling exhibit that was housed at the Ontario Science Centre from November 19, 2014 to March 29, 2015 , with recruitment for the initial phase of this study occurring on weekends and civic holidays from February 14 through March 29, 2015. The Ontario Science Centre is a leading attraction in Toronto with an estimated 1 million visitors annually and numerous permanent and temporary exhibits running simultaneously. It is, therefore, a useful venue to recruit a large sample This document is copyrighted by the American Psychological Association or one of its allied publishers.
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of adults for research participation. Approximately 164,000 individuals visited the Brain exhibit, which contained perceptually rich educational information about the brain (e.g., sensory, memory, and emotional function) aimed at a general audience. Visitors to the "Brain: The Inside Story" exhibit were recruited by the researchers before entering the exhibit at a table just outside the exhibit entrance (to the left of the map in Figure 1 , between the entrance [above] and exit [below] doors). Next to the table was a poster advertising a "Real-world memory experiment" for adults 18 years and older and the gift-card lottery compensation (see below). Participants were told that participation would involve following a scavenger hunt-style pamphlet guide that would not Figure 1 . Diagram outlining three example stimulus pairs from the recognition memory test. The map depicts the structure of the exhibit and numbered red circles depict the approximate location of each target item and the order in which they were viewed. Top Left: Near (adjacent) and intact (in the correct order, from left to right) pair; Top Right: Far (two intervening target items) and reordered (in the wrong order from left to right) pair; Bottom: Lure pair (new pictures drawn from a different brain museum exhibit). All photo stimuli were the same size; images are cropped and resized here for display purposes. The upper images are photographs of the "Brain: The inside story" exhibit taken by the authors in 2015. Copyright 2010 by the American Museum of Natural History. The images at the bottom are adapted from the Philadelphia Business Journal. Copyright 2014 by the Philadelphia Business Journal. See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
significantly alter their experience of the exhibit, and that to be eligible for compensation they would have to provide their name and e-mail (among other information) for a follow-up questionnaire to be completed online in the future. Interested participants were given a pamphlet containing multiple-choice questions about the appearance of 17 items in the exhibit, which were selected as targets based on their distinctiveness and spacing. Participants were told that the questions were ordered according to the exhibit layout. They were instructed to find each item, examine it as they would normally, and answer the multiple-choice question (e.g., "Look at the display called 'Evolving Emotions.' Which of the following is NOT displayed here? (a) White rhino; (b) California seahare; (c) Green iguana; (d) Northern raccoon") before moving to the next item. They were asked not to revisit items. They were instructed to fill out the pamphlet alone, and upon exiting the exhibit, to enter the time and then return the pamphlet to the researchers at the recruitment station. Notably, they were neither explicitly instructed to encode the target stimuli nor their order. The multiple-choice questions could be answered correctly with minimal effort, and were constructed to confirm participants' minimally sufficient attention to the target stimuli in a specified order (also dictated by the track-like physical layout of the exhibit).
Before entering the exhibit, participants also indicated on the pamphlet their name, sex, age, e-mail address, and entry time, and provided ratings on a 6-point Likert scale of their initial level of curiosity about the exhibit content. Upon exiting, participants recorded their exit time and rated their postencoding curiosity about the content they encountered. Encoding duration was defined as the total time spent in the exhibit. In exchange for completing and submitting the pamphlet, participants were entered into a draw to win one of three gift cards ($200, $50, and $50) to local shopping centers.
Participants
There were 1,131 participants who turned in completed pamphlets after exiting the exhibit (M age ϭ 38.64, SD ϭ 13.2). Of these, 1,019 participants scored at least 15/17 on the pamphlet questions (and, thus, sufficiently attended to the items) and were later invited by e-mail to complete an online memory test for the Brain Exhibit. In exchange for completion of the online test, participants were offered a $10 gift card to Amazon.com or iTunes; 169 successfully completed the test. This participation rate is not surprising given that the barrier to submitting a pamphlet was intentionally low (the recruitment table was immediately outside the exhibit entrance and the pamphlet was simple and unobtrusive), while still leading potential compensation, and that those who submitted pamphlets were a sample of adults with no preexisting intention of participating in research. The pamphlet submission process was a way of building a pool of eligible participants rather than expected participants.
Of 169 participants who completed the online test, 9 were excluded for health reasons and one participant was excluded for having previously visited the exhibit from which the lure items were drawn (see below). We also took into consideration responses to lure trials as an empirical measure of compliance. Based on analysis of the distribution these responses, we excluded participants who correctly rejected fewer than 3 of the 16 lure trials (18.75%), which was deemed to reflect lack of engagement with the test, misunderstanding of instructions, or abnormally poor lure discrimination. This resulted in the exclusion of 18 participants (11.3% of the sample; M age ϭ 44.10 years, SD ϭ 16.67, range ϭ 19 -77; 12 participants had 0 correct rejections, 5 had one correct rejection, and 1 had 2 correct rejections).
After these exclusions, 141 participants were included in the analyses (see Table 1 for descriptive statistics and Figure 1 in the supplemental material for a correlation matrix including associative and item memory scores). Comparing the final 141 participants to the remainder of the 1,019 participants who scored 15 or higher on the pamphlet (and, thus, can be said to have complied with the encoding instructions) but did complete the online test, the final participants did not differ in age (M completed Cohen's (1992) recommendation of N ϭ 85 to reliably detect a medium sized population correlation at power ϭ .8 and ␣ ϭ .05.
This study was approved by the research and ethics boards at the University of Toronto and Baycrest Health Sciences. All participants gave informed consent before participating in both phases of the experiment.
Materials
Test stimuli were photographs taken from in front of target items at an angle and distance that was similar to how participants would have encountered them in the exhibit. Target stimuli comprised pictures of 16 items from the Ontario Science Centre exhibit (one of the original 17 target items in the pamphlet was not included because it was found to be unsuitable as a photographic visual cue). Lure stimuli were 16 pictures of items taken from the "Your Brain" exhibit at the Franklin Institute in Philadelphia, and from other similar brain exhibit pictures found online. We selected these stimuli for their feasibility as lures based on pilot data.
Procedure
Two to 4 months after visiting the exhibit, participants meeting inclusion criteria were invited by e-mail to complete the online Note. PHQ-9 ϭ Patient Health Questionnaire. This document is copyrighted by the American Psychological Association or one of its allied publishers.
memory test. Participants completed a brief health history screening form online, including history of neurological illness (stroke, epilepsy, neurodegenerative disease or any condition requiring brain surgery, and traumatic brain injury with a loss of consciousness Ͼ15 min), psychotic disorder requiring hospitalization, active drug or alcohol abuse, or other major health condition affecting cognition. They also completed the Patient Health Questionnaire (PHQ-9; Kroenke, Spitzer, & Williams, 2001 ), a screening measure for depression, and a binary question about lifetime history of anxiety ("Have you ever suffered from significant anxiety that interfered with your functioning?"). Participants were instructed to complete the test in one sitting in a quiet room without assistance from others. Participants completed an old/new and spatiotemporal order recognition task, conducted via the Qualtrics platform (www .qualtrics.com). Participants were shown pairs of pictures and had to indicate whether or not the item pairs were shown in the same order as encountered in the exhibit (i.e., intact or reordered) or if either of the items was not from the Brain Exhibit (i.e., new). There were 16 intact, 16 reordered, and 16 new pairs in total. Participants clicked either 'Correct order,' 'Wrong order' or 'New.' Participants were instructed to respond 'New' if either picture was not at the brain exhibit, but both pictures were in fact new on these trials. In addition, we varied the spatiotemporal distance of old (intact and reordered) pairs, such that half of the old pairs consisted of adjacent target items in the exhibit (i.e., near pairs) and half consisted of items with two intervening target items between them (i.e., far pairs; see Figure 1 ). For both old and new pairs, individual items appeared in multiple pairs, but each pair appeared in a given order only once. It is worth noting that in a functional magnetic resonance imaging (fMRI) study of spatial/ temporal order memory with a similar design, where individual items were repeated in multiple unique combinations, task-critical medial temporal, and prefrontal brain regions were not sensitive to individual item repetitions (Ekstrom, Copara, Isham, Wang, & Yonelinas, 2011) . Accordingly, tasks of this nature are thought to tap into processing of item associations, which were trial-unique, over and above the constituent items.
Data Analysis
Before extracting estimates of associative and item memory and investigating their relationship to aging, we characterized performance on our novel old/new and spatiotemporal order memory test by modeling performance as a function of age (continuous between-subjects regressor) and pair type (categorical withinsubjects factors). We fit the data with linear mixed effects models using the lmer() function within the lme4 (Bates, Mächler, Bolker, & Walker, 2015) and lmerTest (Kuznetsova, Brockhoff, & Christensen, 2016) packages in the R programming language, first at the highest level of cue pair validity (i.e., intact/reordered/new) and then within old pairs (intact/reordered and near/far). In both models, we averaged performance over trials of each type within participants. Participants were modeled with a random intercept and significance tests used the Satterthwaite approximation for degrees of freedom, which produces relatively conservative Type I error rates (Luke, 2017) . We used a similar model to investigate the interaction between age and error types. Age was meancentered in all models. Post hoc Welch's t tests (degrees of freedom rounded to the nearest whole number) were Bonferronicorrected for multiple comparisons. We report Cohen's d estimates of effect size. When measuring associations between task performance and age, we computed Kendall's rank correlation () in addition to Pearson's r when score distributions were highly nonnormal because of ties at floor or ceiling. All significance tests were two-tailed.
We adapted the logic of process dissociation (Jacoby, 1991) to calculate independent estimates of associative and item memory under a signal detection framework (for similar approaches, see : Cohn, Emrich, & Moscovitch, 2008; Troyer, D'Souza, Vandermorris, & Murphy, 2011; Troyer et al., 2012; Wolk, Signoff, & DeKosky, 2008; Yonelinas, Regehr, & Jacoby, 1995) . Specifically, we computed associative memory (associative d=) as the standardized proportion of hits to intact and reordered pairs minus the standardized proportion of order errors (see Equation 1), thereby isolating accurate spatiotemporal context memory over and above item recognition.
Item memory (item d=) was calculated as a standard old/new discrimination score.
Hit rates of 100% and false alarm rates of 0% were corrected by artificially adding half of one miss or false alarm, respectively (P hit ϭ 1 corrected to 1-1/(2N) and P FA ϭ 1 corrected to 1/(2N), where N is the number of eligible trials; Macmillan & Creelman, 2005) .
We note that in previous studies where estimates of item and associative memory or recollection and familiarity were extracted from a single test (using "exclusion test" conditions from the process dissociation procedure; Jacoby, 1991; Troyer et al., 2011; Wolk et al., 2008) , there are typically two response options (e.g., 'old' and 'new'). Participants are instructed to respond 'old' selectively to old stimuli presented in the correct context ('intact,' in the present study) and to respond 'new' to both totally new test stimuli and old test stimuli presented in the incorrect context; therefore, hits only include correct recognition based on item and context. The inclusion of third response option in the present study ('reordered') allows one to dissociate correct rejections based on context violations ('reordered' | reordered) versus lures ('new' | new), as well as more inclusive operationalizations of misses ('new' | intact or reordered) and false alarms ('intact' or 'reordered' | new). However, this raises the question of how to theoretically integrate 'reordered' hits into previously established formulas. We reasoned that, from the perspective of associative memory, intact and reordered hits similarly indicate correct recognition of the items and their spatiotemporal context (and the converse, order errors, indicate recognition in the absence of context). Conversely, we used a standard measure of item memory consistent with previous studies (Troyer et al., 2011 (Troyer et al., , 2012 Wolk et al., 2008) , based on a dual-process signal detection model (Yonelinas et al., 1995) , including only 'intact' responses to intact pairs (hits) and new pairs (false alarms). We reasoned that from the perspective of item memory, 'intact' and 'reordered' responses do This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. (Figure 2 ; Associative 2 ϭ Z(P('intact' | intact)) Ϫ Z(P('intact' | reordered)), consistent with previous studies; Item 2 ϭ Z(P('intact' or 'reordered' | intact or reordered)) Ϫ Z(P('intact' or 'reordered' | new)), isolating old/new discrimination irrespective of old pair order; Item 3 ϭ Z(P(order errors)) Ϫ Z(P('intact' or 'reordered' | new)), isolating old/new discrimination in the absence of associative memory). The main findings held under all operationalizations of item and associative memory. A broader examination of test responses is considered in our error type analyses.
To investigate the unique effect of aging and potential contributions from other variables on memory, we conducted separate multiple regressions upon associative and item memory estimates, modeling age as our regressor of interest in addition to demographic and health information (sex, handedness, years of education, depression [PHQ-9 score], and anxiety) and extraneous memory-related factors (remoteness, encoding duration, and preencoding curiosity ratings; see Table 1 ). As encoding duration, PHQ-9 scores, education, and curiosity were significantly skewed, these scores were square root (education) or log (encoding duration, PHQ-9, and curiosity) transformed for the purposes of regression analysis.
We also recorded response times (RT). Our main purpose in assessing RT was to assess task compliance and confirm validity of the responses, given that testing was unsupervised. We expected to find that RTs would be sensitive to our manipulation of cue validity (old vs. new), order (intact vs. reordered) and distance (near vs. far). These findings would further support our use of the Internet testing platform. Analyses were restricted to correct trials.
Mirroring our analyses of recognition memory performance (see Data Analysis and Results), we first modeled participant-wise median RT as a function of pair type (intact, reordered, or new; within-subjects factor) and age (between-subjects regressor). There were main effects of pair type, F(2, 274) ϭ 22.66, p Ͻ .001, where both new and reordered trials elicited faster responses than intact trials, t(138) ϭ 5.62, p Ͻ .001, d ϭ .48, and t(138 ϭ 6.57, p Ͻ .001, d ϭ .56, respectively) and age, F(1, 137) ϭ 51.02, p Ͻ .001, whereby response times increased with age, r ϭ .52, p Ͻ .001. The interaction between age and pair type was not significant, F(2, 274) ϭ 2.35, p ϭ .097 (see Table 2 ).
Next, we investigated RT within the old pairs as a function of age, order (intact vs. reordered) and distance (near vs. far). Four participants had zero correct trials in a given cell-they were included in the model but not in the post hoc t tests. In addition to main effects of age, F(1, 133) ϭ 39.01, p Ͻ .001 and order, F(1, 399) ϭ 59.05, p Ͻ .001, as above, there was a significant interaction between age and order, F(1, 399) ϭ 7.79, p ϭ .006 such that the age-related increase in RT was slightly greater for intact, r ϭ .41, p Ͻ .001 versus reordered trials, r ϭ .37, p Ͻ .001. Furthermore, there was a main effect of distance, F(1, 399) (Skowronski et al., 2003) . There was also an interaction between order and distance, F(1, 399) ϭ 7.47, p ϭ .007. Far reordered pairs elicited the fastest responses (all ps Ͻ .001 uncorrected) and near intact pairs elicited the slowest responses (all ps Ͻ .001 uncorrected). That participants' response times were sensitive to our context manipulation and exhibited expected effects of item distance supports the contention that participants completed the online test according to instructions, with high compliance, and that their responses were valid at the item level.
Results
We first characterized performance on our recognition memory test at the highest level by modeling accuracy as a function of age and the three main pair types (intact, reordered, and new). There were main effects of age, F(1, 139) ϭ 21.75, p Ͻ .001, with overall accuracy decreasing as a function of age, r ϭ Ϫ.37, p Ͻ .001, and pair type, F(2, 278) ϭ 75.03, p Ͻ .001, where new pairs elicited greater accuracy than both intact, t(140) ϭ 7.43, p Ͻ .001, d ϭ .63 and reordered pairs, t(140) ϭ 10.37, p Ͻ .001, d ϭ .87, and intact trials elicited greater accuracy than reordered trials, t(140) ϭ 4.36, p Ͻ .001, d ϭ .37. Furthermore, there was an interaction between pair type and age, F(2, 278) ϭ 9.38, p Ͻ .001, such that increasing age predicted lower accuracy on new, r ϭ Ϫ.39, p Ͻ .001 and reordered, r ϭ Ϫ.25, p ϭ .003, but not intact, r ϭ Ϫ.14, p ϭ .094 pairs (see Figure 2) .
Within the old pairs, we modeled accuracy as a function of age and pair order (intact vs. reordered) and pair distance (near vs. far). In keeping with the above results, there were significant main effects of age, F(1, 139) ϭ 7.38, p ϭ .007, and pair order, F(1, 417) ϭ 17.76, p Ͻ .001. There was also a main effect of distance, F(1, 417) ϭ 45.12, p Ͻ .001, whereby far pairs elicited greater accuracy than near pairs, t(140) ϭ 7.21, p Ͻ .001, d ϭ .61, and no interaction between distance and age, F(1, 417) ϭ .22, p ϭ .64, consistent with previous findings that the benefit of greater interitem distance to accurate contextual retrieval is age-invariant (Fabiani & Friedman, 1997; Perlmutter et al., 1981; Tolentino et al., 2012) . There were no interactions between pair order and age, F(1, 417) ϭ 2.37, p ϭ .12, pair order and distance, F(1, 417) ϭ .62, p ϭ .43, nor was there a three-way interaction, F(1, 417) ϭ 2.73, p ϭ .099 (see Figure 2) .
Modeling the effect of age on associative and item memory using multiple regressions, age was not significantly associated with associative memory (␤ ϭ Ϫ.16, t ϭ Ϫ1.55, p ϭ .124, semipartial r ϭ Ϫ.14), though there was a trend toward a reduction with age. There was a nonsignificant trend toward better associative memory with greater total encoding duration (␤ ϭ .18, t ϭ 1.90, p ϭ .06, semipartial r ϭ .17), consistent with previous findings of encoding duration effects at the item level (Vilberg & This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Rugg, 2009). None of the other predictors (sex, handedness, years of education, depression, anxiety, remoteness, or preencoding curiosity ratings) were significant (all ps Ͼ .25). The variance inflation factors (VIF) for age and total encoding duration were 1.29 and 1.17, respectively, ruling out potential issues of collinearity (VIF for all other variables Ͻ1.4). For item memory, age was a significant predictor of performance (␤ ϭ Ϫ.34, t ϭ Ϫ3.48, p ϭ .001, semipartial r ϭ Ϫ.29). Age had a stronger than expected negative association with item memory. Years of education was positively associated with item memory (␤ ϭ .22, t ϭ 2.51, p ϭ .014, semipartial r ϭ .21). No other variables predicted item memory performance (all ps Ͼ .15).
Scatterplots showing the zero-order correlations between age and associative memory versus item memory are presented in Figure 3 . To compare associative and item memory, we modeled memory type (associative vs. item) as a within-subjects factor and age as a continuous predictor of performance. We found main effects of age, F(1, 139) ϭ 9.48, p ϭ .003, wherein overall memory performance decreased with age, r ϭ Ϫ.25, p ϭ .003, and a main effect of memory type, F(1, 139) ϭ 311.54, p Ͻ .001, wherein item memory (M ϭ 1.73, SD ϭ .89) was greater than associative memory (M ϭ .83, SD ϭ .66) overall, t(140) ϭ 17.03, p Ͻ .001, d ϭ 1.43, which is unsurprising given that item memory is thought to be less effortful (Jacoby, 1991; Old & NavehBenjamin, 2008 ). There was a significant interaction between memory type and age, F(1, 139) ϭ 11.44, p Ͻ .001, such that age was negatively associated with item memory (r ϭ Ϫ.30, R 2 ϭ .09, p Ͻ .001) but not associative memory (r ϭ Ϫ.14, R 2 ϭ .02, p ϭ .09) and the coefficients were significantly different from each other (Z ϭ 2.53, p ϭ .012; Steiger, 1980) . Removal of the oldest participant (84 years old) did not significantly alter the results of the aforementioned analyses (with participant removed: Associative r ϭ Ϫ.13, p ϭ .124; Item r ϭ Ϫ.29, p Ͻ .001), and alternative associative and item memory formulas produced similar coefficients (see supplementary material Figure 2 ). Given that associative memory was poorer than item memory overall, we assessed the possibility that it was at chance, which would artificially eliminate the possibility of observing an age-related decline. We tested whether scores at the low (18 -35 years old) and high extremes of the age sample (60ϩ years old) were significantly above zero. Associative memory in both the youngest (M ϭ .93, This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
To further unpack the nature of memory decisions driving the observed age effects on item versus associative memory, we investigated the types of errors contributing to these scores. We operationally defined three broad classes of errors: order errors ('reordered' responses to intact pairs and 'intact' responses to reordered pairs, isolating spatiotemporal context error in the presence of accurate old/new recognition), misses ('new' responses to old [intact and reordered] pairs), and false alarms (old ['intact' and 'reordered'] Figure 4 ).
To reconcile our observation of age-related decline in performance on reordered trials with the contrasting stability in associative memory and order errors, we ran exploratory correlations between age and the two types of errors one can make on reordered trials: false alarms ('intact' | reordered) and misses ('new' | reordered). We found that aging was associated with an increase in misses (r ϭ .28, p Ͻ .001; ϭ .18, p ϭ .005) but not false alarms (r ϭ .09, p ϭ .305; ϭ .08, p ϭ .18) on reordered trials, although these correlations were not significantly different from each other (Z ϭ 1.65, p ϭ .099).
While our continuous age sample provides a unique window into changes in distinct retrieval processes across the lifespan, most of the literature motivating this research models age as categorical younger and older groups. Thus, to facilitate interpretation and comparison with related studies, we analyzed and visualized associative and item memory scores, as well as error types, using canonical younger (18 -35 years) and older (60ϩ years) groups. Consistent with the above findings, there was an interaction between age group and memory type, wherein item discrimination was significantly lower in older adults (d ϭ .84; 44.44% lower than younger adults) but associative memory was not (d ϭ .26; 20.98% lower than younger adults; online supplementary material Figure 3) . There was also an interaction between age and error type, wherein older adults exhibited a twofold increase in misses and a threefold increase in false alarms relative to younger adults, with no difference in order errors (online supplementary material Figure 4 ).
Discussion
We attempted to enhance concordance between laboratory and naturalistic methods of memory assessment using a novel, oneshot, real-world episode (exploring a museum exhibit) prospectively for subsequent memory testing. Spatiotemporal associative memory and item memory were assessed with a recognition memory paradigm using target and lure photographs, allowing us to dissociate, in a large lifespan sample, age effects on item discrimination and spatiotemporal order retrieval.
Contrary to an extensive literature documenting age-related deficits in associative memory (Old & Naveh-Benjamin, 2008) , there was no significant effect of age on spatiotemporal associative memory using adaptations of standard process-dissociation measures. Accordingly, there was no age-related increase in order errors, and the implicit effect of interitem distance on order memory accuracy and response times did not interact with age. Conversely, we found a significant reduction in item memory over the lifespan driven primarily by a marked increase in susceptibility to false alarm to novel lures. Lure susceptibility could not be accounted for by more liberal response criteria in older adults because aging was also associated with increased misses. While previous studies have reported age-related reductions in temporal order memory alongside item memory reductions (Newman, Allen, & Kaszniak, 2001 ) and false alarm increases (Daum, Graber, Schugens, & Mayes, 1996) , we are not aware of any prior report of a greater age-related reduction in item versus associative memory. This dissociation challenges the notion that age-related declines in memory for content, where observed, are necessarily This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
driven by impairments in memory for context (Dumas & Hartman, 2003) .
Spatiotemporal Associative Memory
The attenuated age effects on associative memory in the present study may be attributable to encoding factors that promote subsequent associative memory, such as active exploration and goaldirected movement (Kaplan et al., 2012; Plancher, Tirard, Gyselinck, Nicolas, & Piolino, 2012; Voss et al., 2011) . In exploration of environmental-scale spaces, spatial, and temporal relationships are actively constructed via self-motion rather than passively perceived (Buzsáki & Llinás, 2017) , enhancing relational memory (Wang & Simons, 1999) . Active exploration may automatically recruit hippocampally mediated associative processing circuits and strategies that younger but not older adults typically engage spontaneously in impoverished encoding conditions. For instance, passive transport in a wheelchair disrupts the formation of spatial representations in older adults relative to younger adults but both groups perform similarly when actively navigating (Adamo, Briceño, Sindone, Alexander, & Moffat, 2012; Allen, Kirasic, Rashotte, & Haun, 2004) . A review of earlier spatial memory literature found that older adults perform similar to younger adults in real-life but not laboratory environments because of greater distinctiveness in the contexts in which items are embedded in real life environments (Uttl & Graf, 1993) .
The exhibit items were not only linked by participants' physical locomotion but also by semantic similarity, in contrast to typical associative memory studies using intentionally arbitrary stimuli. Semantic relatedness among studied items has been shown to facilitate the formation of temporal contextual associations during encoding by encouraging reactivation of previously encountered related items (Tzeng & Cotton, 1980) . One might also suspect that prior knowledge about museum exhibits could lend schematic support to associative memory, for older adults in particular (Castel, 2005) . However, such knowledge would neither bear on the idiosyncratic details of these particular items nor their sequence and, therefore, would not have systematically altered temporal order judgments in this study.
Intentional encoding of associations has been found to benefit younger adults more than older adults and thereby increase the age-related gap in associative memory (Old & Naveh-Benjamin, 2008) . In our study, the encoding instructions explicitly cued attention toward perceptual features of the exhibit items, but not their order. It could be argued that this difference explains the observed age-related decline in item memory and stability in associative memory. However, even in previous studies where associative memory was incidentally encoded and item memory was intentionally encoded, associative memory still declined with age as much or more than item memory (Old & Naveh-Benjamin, 2008; Schmitter-Edgecombe & Simpson, 2001) . Regarding temporal associations in particular, evidence for effects of intentional versus incidental encoding has been debated (Michon & Jackson, 1984; Naveh-Benjamin, 1990; Zacks, Hasher, Alba, Sanft, & Rose, 1984) , with intentional encoding sometimes boosting temporal order memory in both younger and older adults (SchmitterEdgecombe & Simpson, 2001 ) and sometimes in neither (Kausler, Lichty, & Davis, 1985) , and with age effects typically observed either way (Kausler & Wiley, 1990) . Therefore, based on the literature, one would expect to observe an age-related decline in temporal associative memory based on incidental encoding alone.
At test, naturalistic photographs of the exhibit items were likely potent retrieval cues, triggering implicit context reinstatement and providing retrieval support that may also have conferred greater benefits to older than to younger adults (Cohn et al., 2008) . In previous studies, context reinstatement has been found to improve recognition performance in older adults as much or more than in younger adults, in some cases ameliorating the age gap altogether (Craik & Schloerscheidt, 2011; Naveh-Benjamin & Craik, 1995; Robin & Moscovitch, 2017) . Consistent with this interpretation, we found that performance on intact pairs was stable with age but performance on reordered pairs-where the constituent items were valid cues but the spatiotemporal context was violated-declined. The age-related decline in performance on reordered trials was driven by increased misses, but not order errors, and is, therefore, not inconsistent with the main finding of preserved spatiotemporal associative recognition memory in older adults. This finding could be related to reduced flexibility in spatiotemporal relational representations with age (Etchamendy, Konishi, Pike, Marighetto, & Bohbot, 2012) , such that aging spares recognition of intact contextual cues but impairs flexible reconstruction of these cues, leading older adults to perceive old-but-reconfigured elements as new. We would predict steeper age-related reductions in spatiotemporal contextual memory for the exhibit had we used a task that placed higher demands than recognition on self-initiated processing and strategic retrieval (Cohn et al., 2008; Craik, 1986) , for instance free recall (e.g., Dumas & Hartman, 2003; Levine et al., 2002) or serial order reconstruction (e.g., Kausler & Wiley, 1990; Schmitter-Edgecombe & Simpson, 2001) , or with speeded rather than self-paced response windows (Roberts et al., 2014) . Given that we did not implement an immediate test, another possibility is that forgetting over the months-long delay interval rendered our test less sensitive to age differences in associative memory that may have been apparent at shorter delays. We cannot rule out this possibility, although prior studies suggest that temporal order memory for both laboratory stimuli and naturalistic actions performed in the laboratory decays at a similar rate in younger and older adults (Kausler & Wiley, 1990; Perlmutter et al., 1981) .
Item Memory
The age-related increase in lure susceptibility is consistent with recent cross-species evidence that aging affects discrimination of familiar from novel information because of changes in medial temporal lobe circuits responsible for high-level object representation, especially when familiar and novel items have high feature overlap (Burke et al., 2011; Johnson et al., 2017; Reagh et al., 2016; Ryan et al., 2012; Yeung, Ryan, Cowell, & Barense, 2013) . Combined with age-related source monitoring impairments, this may produce elevated false recognition Schacter, Koutstaal, Johnson, Gross, & Angell, 1997) . This view is contrasted with the notion that age-related changes result from a weakening of memory traces.
Previous studies have shown that false recognition of events can be induced in older adults, for instance by watching naturalistic videos and then reviewing plausible lure photos that were not in fact in the videos . In the present study, we found an age-related increase in lure susceptibility without any This document is copyrighted by the American Psychological Association or one of its allied publishers.
manipulation to promote it, alongside largely preserved associative memory for valid memoranda. Given that both valid memoranda and lures in the present study were naturalistic photos depicting brain-themed museum exhibit items, it is likely that perceptual and conceptual similarity between targets and lures, and corresponding overreliance on gist information during discrimination, contributed to the increase in false recognition with age Pidgeon & Morcom, 2014) . Our findings are more consistent with models of aging emphasizing mnemonic discrimination impairments than with the associative deficit hypothesis (NavehBenjamin, 2000) , but more work is necessary to adjudicate between these views.
Task Compliance
Regarding our paradigm, as the memory test was conducted online and was unsupervised (see Armson, Abdi, & Levine, 2017 , for a similar approach), it is crucial to determine that participants responded in a valid and reliable manner. We ruled out inattentive or random responding by excluding those who performed very poorly on discrimination of new items. Sensitivity in participants' response times to our old/new and context manipulation helped to establish task compliance. Furthermore, we replicated established effects of context reinstatement, in that performance was greater on intact compared with reordered trials, and age-invariant sensitivity to interitem distance (i.e., better performance and faster responses on far than on near pairs) in line with previous studies (Fabiani & Friedman, 1997; Perlmutter et al., 1981; St. Jacques et al., 2008; Tolentino et al., 2012 ; but see Campbell, Trelle, & Hasher, 2014) . These results build upon recent work using large-scale real-world encoding paradigms to explore spatiotemporal organization in episodic memories (Griffiths et al., 2016; Nielson et al., 2015; St. Jacques et al., 2008) . We extend the results of these studies, which tested memory for events in familiar environments at shorter delays, to a cognitive aging context and show some preservation of spatiotemporal order memory for the elements of a one-shot episode at a longer delay and finer spatiotemporal scale than previously reported. Even on the most difficult near reordered pairs, thought to require fine-grained episodic reconstruction (Curran & Friedman, 2003; St. Jacques et al., 2008) , performance was well above chance (whole-sample M ϭ .55; chance ϭ .33).
Limitations
The influence of naturalistic encoding processes per se on the present findings remains speculative; inclusion of a comparable and time-matched laboratory assessment would help to establish the specificity of the observed effects to naturalistic events. Furthermore, unlike previous studies, we could not dissociate spatial and temporal aspects of memory organization (e.g., Allen et al., 2015; St. Jacques et al., 2008 )-accurate associative retrieval could involve retracing the egocentric trajectory of target items and/or by remembering their allocentric spatial locations in a map-like representation. Nevertheless, the architectural structure of museum exhibits makes them useful in particular for testing naturalistic spatiotemporal memory and facilitating translation between rodent models and human research (Zisch, Gage, & Spiers, 2014) . It is also not clear to what degree order memory performance in the present task generalizes to other forms of associative memory (see Old & NavehBenjamin, 2008) or mnemonic context more broadly (Stark, Reagh, Yassa, & Stark, 2017) . Nor is it clear to what degree successful associative memory involved subjective recollection of the encoding episode. Indeed, recent work suggests that ordinal associative memory (at short delays) may not depend on recollection (Brunec, Ozubko, Barense, & Moscovitch, 2017) . Future work is necessary to determine the strategies and phenomenological states accompanying spatiotemporal context retrieval and how they change with age.
Another potential limitation concerns the representativeness of the sample in the present study. Although the sample and recruitment method are different from the typical aging study recruiting younger adults from a pool of undergraduates, usually psychology students, and older adults from research participant databases, the Ontario Science Centre is a highly generic and popular attraction in Toronto. There is no reason to suspect that recruitment from such an attraction is less representative of the general population than typical recruitment methods. Indeed, several high impact memory studies have used museum exhibits in naturalistic encoding paradigms (e.g., Aggleton & Waskett, 1999; Henkel, 2014; St. Jacques, Olm, & Schacter, 2013; , and prior visits to museum exhibits are often used as cues in autobiographical memory studies (e.g., Hassabis, Kumaran, Vann, & Maguire, 2007; Robin & Moscovitch, 2017) for their assumed universality.
A second concern about the present sample is that it lacks representation at the older end of the age spectrum. We would expect to observe a decline in spatiotemporal associative memory at the higher end of the age spectrum had our sample included more participants in that range. However, one would expect continued decline in item memory as well. Moreover, the age distribution in our sample is comparable to that of many laboratory studies reporting age-related declines in spatiotemporal memory and associative memory (see Old & Naveh-Benjamin, 2008) . Finally, continuous lifespan investigations of associative versus item memory (Bender, Naveh-Benjamin, & Raz, 2010) and corresponding brain atrophy (Raz et al., 2005) found incremental changes beginning in early adulthood and accelerating in middle rather than late age. Therefore, to the extent that significant agerelated declines in temporal associative memory are expected based on the extant literature, they should be detectable in the present sample. Nonetheless, we cannot make inferences about memory changes in older age (i.e., 70 years and older) based on the present sample.
Finally, the effect of aging on associative memory could in principle be artificially truncated by the lower performance of younger adults in associative versus item memory. This would affect comparisons of the associative and item memory slopes. Therefore, the magnitude of this difference should be interpreted with caution. Yet, despite the long delay and fine grain at which ordinal discrimination was tested, older adults' performance was well above chance (associative d= ϭ .73 in Participants 60ϩ years old). The null effect of age on associative memory cannot be explained by the lower overall performance on associative memory, unless there was a feature of the task that selectively reduced This document is copyrighted by the American Psychological Association or one of its allied publishers.
younger adults' performance. Moreover, the dissociation between age effects on associative and item memory is supported by multiple lines of evidence: there was no age-related increase in order errors, where the distribution is well off of floor and ceiling, and the influence of interitem distance on ordinal discrimination did not interact with age.
Conclusions
Laboratory research has demonstrated that spatiotemporal context is a fundamental component of episodic memory (Howard & Kahana, 2002; Ranganath & Hsieh, 2016; Tulving, 1972) , and it is assumed that this contextual detail is a core feature of our personal memories from months and years ago. However, because of methodological limitations, little is known about memory for the order of real-world experiences over delays typical of everyday episodic memory, and how this capacity changes with age. The present study provides further validation for assessing memory using verifiable real-world events (see also Armson et al., 2017; St. Jacques, Montgomery, & Schacter, 2015) . We found that memory for the fine-grained spatiotemporal structure of a real-world event persists over months in both younger and older adults, and that increased lure susceptibility in older adults reverses the classic pattern of item and associative memory changes observed in laboratory studies of aging. Future work in this vein will contribute to understanding normal versus pathological memory changes in aging and how they manifest in day-to-day life.
